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, 1999). ability to promote neuronal survival and differentiation
Although the mechanism by which BDNF is sorted to during development and to maintain the viability of neuthe regulated secretory pathway for secretion is unrons in adulthood (Huang and Reichardt, 2001 ; Leviknown, over the last few years, studies on prohormone/ Montalcini, 1987; Lewin and Barde, 1996). An emerging proneuropeptide trafficking have provided evidence concept, based on numerous studies in recent years, is that the sorting of these molecules to the regulated that neurotrophins, particularly BDNF, could elicit rapid secretory pathway involves a receptor-mediated mechand acute regulation of synaptic transmission and plasanism ( to the regulated secretory pathway has been identified A remarkable feature is that, despite its diffusible nafor pro-opiomelanocortin (POMC) (Cool et al., 1995) . This ture, BDNF is able to confine its regulation to a specific motif consists of an amphipathic loop (residues 8-20) synapse without affecting the neighboring synapses (Lu, with two acidic residues (Asp 10 and Glu 14 ) and two aliphatic hydrophobic residues (Leu 11 and Leu 18 ) exposed on the surface. A similar sorting signal motif was shown to be critical for sorting proinsulin into the regulated and Asp 106 (E 18 and D 106 ), of BDNF with the side chains of the basic residues, Arg 255 and Lys 260 (R 255 and K 260 ), in secretory pathway in a pancreatic islet cell line, INS-1 cells (Dhanvantari et al., 2003) . These sorting motifs inthe sorting signal binding domain of CPE. Thus, from the molecular modeling studies, it is predicted that the teract with membrane carboxypeptidase E (CPE), which acts as a sorting or retention receptor to target these acidic residues of the BDNF sorting motif would be able to interact with CPE to effect sorting to the regulated prohormones to the regulated secretory pathway (Dhanvantari et al., 2003; Normant and Loh, 1998; Zhang et secretory pathway. The following studies tested this hypothesis. al., 1999). In this study, we hypothesize that proBDNF is sorted by a similar mechanism.
To identify a sorting motif in BDNF, we carried out an Mutation of the Putative Sorting Motif Results analysis of the X-ray crystal structure of BDNF using the in Missorting of BDNF insulin sorting motif as a template. We found a predicted Site-directed mutagenesis of the putative sorting motif sorting motif in BDNF and tested its role in directing at the two acidic residues was carried out to determine BDNF to the regulated secretory pathway. We present their role in targeting BDNF for regulated secretion. A evidence from pulse-chase secretion studies and immurecombinant mammalian expression vector encoding nocytochemistry in AtT-20 cells, pituitary cells, and hipmutant proBDNF (mutBDNF) with the two acidic resipocampal and cortical neurons from wild-type and CPE dues substituted for alanine (IAIA) so as to eliminate the knockout (KO) mice, showing that proBDNF is sorted charge was generated. AtT-20 cells were transfected with by a sorting signal-CPE mediated mechanism to vesithe IAIA mutBDNF or wild-type proBDNF (wtBDNF). The cles for activity-dependent secretion.
cells were metabolically pulse labeled with
35
S Met/Cys and chased in the absence and presence of 50 mM K ϩ to study basal and stimulated secretion, respectively. Newly Results synthesized BDNF secreted into the medium was immunoprecipitated and analyzed by SDS-PAGE.
S-BDNF se-X-Ray Crystal Structure of BDNF Reveals a Putative Sorting Motif creted was expressed as a percentage of total labeling in the media plus cell extract at the end of the experiHigh-resolution X-ray crystallographic structures of BDNF, NGF, and insulin were superimposed to determent. Both wt and mutant proBDNF ‫43ف(‬ kDa) and mature BDNF ‫41ف(‬ kDa) were detected in the cell extract mine whether the BDNF molecule contains a sorting motif for the regulated secretory pathway, similar to that after a 30 min pulse, and their levels of labeling were very similar (Figure 2A ). To determine the specificity of insulin. All acidic and aliphatic hydrophobic residues in BDNF and NGF with C ␣ atoms lower than 2.0 Å root of the anti-BDNF antibody, we immunoprecipitated the secretion media from 2C and 2D ). The total amount of mutant proBDNF plus mature mutBDNF sedegree of configurational similarity.
NGF has a very similar crystal structure to BDNF (Figcreted I-labeled BDNF bound to these membranes at a level three times greater than NGF, which does not have the sorting signal motif. Moreover, the binding was displaced completely (p Ͻ 0.02) by N-POMC 1-26 peptide, which contains the sorting motif of POMC, shown previously to interact with CPE to effect sorting to the regulated secretory pathway. ␤-endorphin 1-27 , a control peptide without the sorting motif, did not displace the BDNF binding. Furthermore, neither N-POMC 1-26 nor ␤-endorphin 1-27 , displaced the low amount of NGF binding observed.
The binding study was also performed with the membranes from sf9 cells expressing recombinant CPE (Figure 5B) and with control sf9 cell membranes (from mockinfected cells) as background for subtraction. The results are similar to those obtained for pituitary secretory granule membranes. These results indicate that BDNF bound specifically to CPE from two different membrane sources.
BDNF Is Constitutively Secreted from Pituitary Cells of CPE Knockout Mice
To assess if CPE is necessary for the sorting of BDNF in vivo, we studied proBDNF sorting in anterior pituitary endocrine cells (AtT-20 and pituitary cells), which do not express BDNF, as a model, so as to avoid having to tag the BDNF, which could interfere with sorting. However, a small change can then redirect NGF to the regulated secretory pathway, emphasizing an important role of it was important to verify that the sorting signal-CPE dependent mechanism also operates in neurons that do these motifs in sorting.
synthesize BDNF. We therefore carried out pulse-chase studies in embryonic cortical neurons of Cpe Ϫ/Ϫ mice BDNF Binds Specifically to Membrane CPE Our molecular modeling studies predicted that the sortand their wild-type littermates to test the role of CPE in regulating activity-dependent secretion of BDNF. ing signal motif of BDNF can interact with the sorting receptor, membrane CPE ( Figure 1C) . We therefore in- Figure 7A shows stimulated release of 35 S-labeled endogenous proBDNF/BDNF from cortical neurons of wt vestigated the interaction of mature BDNF and NGF with CPE using bovine pituitary secretory granule membut not Cpe Ϫ/Ϫ mice. In a parallel experiment, we show no significant difference in the basal secretion between branes, which are a rich source of membrane CPE. We have previously shown that CPE in solution does not first hour (B1) and second (B2) hour of incubation without 50 mM K ϩ ( Figure 7A, middle panel) . The identification bind well to the sorting signal in N-POMC. Binding is most efficient when CPE is associated with membrane of the pro-and mature BDNF bands were verified by Figure 7B shows that endogenous proBDNF/BDNF secretion was stimulated 2.7-fold (20.3% Ϯ 3.2% versus 7.6% Ϯ 0.8% basal release, p Ͻ 0.02) in wild-type neurons. However, no activity-dependent secretion of proBDNF/BDNF was seen in Cpe Ϫ/Ϫ neurons (12.4% Ϯ 2.0% basal release versus 10.3% Ϯ 1.8%, with stimulation; Figure 7B ). Instead, higher basal release of proBDNF/BDNF was found in Cpe Ϫ/Ϫ neurons compared to neurons from wildtype mice (12.4% Ϯ 2.0% versus 7.6% Ϯ 0.8%, respectively, p Ͻ 0.05; Figure 7B ). These results indicate that sorting and activity-dependent secretion of endogenous proBDNF/BDNF requires CPE. Furthermore, analysis of the mature BDNF and proBDNF secreted revealed a ratio of 1.8:1 (13.2% Ϯ 1.6% BDNF versus 7.3% Ϯ 1.4% proBDNF) in the stimulation medium of wild-type neurons, compared to a ratio of 1:1 (5.2% Ϯ 0.8% BDNF versus 5.1% Ϯ 0.9% proBDNF) from Cpe Ϫ/Ϫ neurons, indicating less processing in this pathway due to more rapid release and deficiency of the appropriate processing enzyme found in secretory granules of the regulated secretory pathway.
The dependence of CPE for the sorting of BDNF was also investigated in hippocampal neurons. A morphological approach was used, since the Cpe Ϫ/Ϫ embryonic by the punctate SecII staining ( Figure 7I) . However, the neurons to interact with CPE to effect sorting of BDNF to the regulated secretory pathway.
Discussion

Sorting of ProBDNF Requires Interaction of a Sorting Motif with CPE
Activity-dependent secretion is important for mediating various forms of synaptic plasticity, such as hippocampal long-term potentiation (LTP) (Katz and Shatz, 1996). BDNF secreted in response to transient or sustained neuronal activity is likely to participate in acute modulation of synaptic transmission, as well as long-term regulation of synaptic structure and functions, respectively (Lu, 2004) . Correct trafficking and sorting of BDNF into vesicles of the regulated secretory pathway is therefore critical for proper processing and activity-dependent secretion of BDNF. In this study, we have uncovered a mechanism for sorting BDNF to the regulated secretory pathway. We employed a highly sensitive, quantitative radioactive labeling pulse-chase paradigm to track synthesis, trafficking, and secretion of proBDNF and therefore avoided the need of overexpression of proBDNF In conclusion, our present study has uncovered a sorting motif receptor-mediated mechanism for sorting notion that a defect in trafficking, rather than sorting, is the reason for impairment of activity-dependent secreproBDNF to the regulated secretory pathway in cortical and hippocampal neurons necessary for activity-depention. Alternatively, the pro and mature regions may act synergistically or independently in sorting BDNF to the dent secretion of BDNF. We have also demonstrated that active sorting of endogenous proBDNF to the reguregulated secretory pathway. It is possible that in certain cell types or subcellular compartments, proBDNF is conlated secretory pathway, versus entering the constitutive pathway by default, has a major impact on the proverted to mature BDNF intracellularly (in TGN), and therefore sorting by the motif in the mature BDNF becomes cessing and hence the ratio of proBDNF:BDNF secreted from these two different secretory pathways in neurons. The cDNA encoding full-length proNGF was excised from rNGF/ brane was recorded and read by a phosphorimage system (Molecular Dynamics, Sunnyvale, CA). The level of radiolabeled signal in pBS using EcoRI and BamH1 restriction sites and was subcloned into pcDNA3.1 (proNGF/pcDNA3.1). This cDNA was used as a temthe band corresponding to the neurotrophin was quantified using ImageQuant 2 (Molecular Dynamics). Following background subplate to generate an E 20 mutation, so as to substitute a noncharged residue (valine, V 20 ) with an acidic residue (glutamic acid, E) to create traction, radioactivity in each band was expressed as the percentage of total labeling, which included labeled BDNF from all the media a sorting motif similar to that described for BDNF. The primers used were as follows: E 20 -5Ј GACAGTGTCAGTGAGTGGGTTGGAGATAA plus cell lysate extracted at the end of the secretion assay. Due to the lower number of Met/Cys residues in mature neurotrophin versus GACC; E 20 -3Ј GGTCTTATCTCCAACCCACTCACTGACACTGTC.
All the constructs were sequenced to confirm their orientation the precursor (9 versus 17 in proBDNF), a correction factor of 1.89 was used for mature BDNF to bring it up to the molar amount of and structure. , IN) to prevent protein degradation prior to dispersion as described previously (Loh, 1988) . The cells were grown analysis.
for 5 days, then transfected with wtBDNF/pcDNA3.1 (2 g/5 ml for 6 cm 2 dish), and BDNF secretion was studied using the pulse-chase Immunoprecipitation and Quantification of Neurotrophins paradigm described above. Embryonic cortical neurons were isoSamples of cell extracts or media were incubated with chicken anti-BDNF IgY (5 g) overnight at 4ЊC, followed by 1 hr incubation with lated as described previously, with modification (Du et al. 
